Abstract. Multilevel Z-source inverters have been proposed as a solution for HV applications. This type of inverters decreases the Total Harmonic Distortion (THD) and has a good performance for different applications such as Flexible AC Transmission Systems, power quality improvement and connecting renewable energy resources to the network. This paper compares several alternative carrier disposition PWM strategies for a five-level Z-source diode-clamped inverter. These strategies are simulated in MATLAB/Simulink. The simulation results illustrate that using Phase Disposition (PD) method, the voltage THD decreases considerably. Also, Alternative Phase Opposition Disposition (APOD) method increases the voltage magnitude more than PD method. Both methods can be effectively used for connecting renewable energy sources to the power grid.
Introduction
In recent years, multilevel inverters have drawn significant attention in research and high power applications such as Flexible AC Transmission Systems (FACTS), renewable energy resources, power quality devices , etc [1] - [4] . Such power converters have been the prime focus of power electronic researches in order to improve their performance, reliable, energy efficient at minimum cost. The important task of multilevel inverter is producing a sinusoidal voltage waveform from DC sources. The major advantages of multilevel inverters are:
a) "High voltage capability with voltage limited devices; b) Low harmonic distortion; c) Reduced switching losses; d) Increased efficiency; e) Good electromagnetic compatibility" [5] .
Among several reported topologies, diode-clamped multilevel inverter, cascaded H-bridge multilevel inverter and flying capacitor multilevel inverter are very used [6] . To control these multilevel inverters several carrier-based PWM strategies and space vector PWM (SVPWM) have been reported [7] - [8] . Some other methods such as harmonic optimization attempt to reduce or eliminate harmonic in multilevel inverters [9] . Traditional inverters are known to produce an output voltage that is lower than the DC source voltage. In order to reach boosted voltage with available switching devices Z-Source inverters were invented in 2003 [10] . This structure uses unique X-shaped inductancecapacitance (LC) impedance network that is connected between the DC link and the AC side. There are shootthrough states in Z-source inverter. These states boost voltage and LC impedance network prevent short circuit problems. Recently, new topologies of multilevel Zsource are introduced [1] , [11] - [13] . These structures are used in clean energy harnessing such as photovoltaic (PV) arrays, fuel cells, etc that have low DC voltage [13] . Some papers attempt to introduce special structures to reduce the number of elements of multilevel Z-source inverter [14] . In this paper, a five-level Z-source diode-clamped inverter is used to introduce advantages and disadvantages of each multicarrier PWM strategy. This paper is structured as follows: In section II, multilevel inverters will be explained briefly. Section III, introduces some multicarrier Pulse Width Modulation (PWM) strategies. In Section IV, s Z-source inverters are explained. In section V, the simulation results are shown. Finally, in section VI, the comparison results are summarized in the conclusion.
Multilevel Inverters
There are several topologies of multilevel inverters, i.e., Diode-clamped multilevel inverter (DCMI), cascaded Hbridge multilevel inverter (CMI) and flying capacitor 
Z-Source Inverters
There are three inverter structures; Voltage-source inverter, Current-source inverter and Z-source inverter.
Voltage-source inverter and Current-source inverter have several drawbacks in Renewable Energy Resources application such as cost increase, low efficiency, inverter overrating and need of an output LC filter which causes control complexity [10] , [13] .
To remove the problems of Voltage-source inverter and Current-source inverter, Z-source inverter has been introduced. Fig. 2 shows the general Z-source inverter structure. It employs a unique impedance circuit to connect the inverter main circuit to the power source. This circuit consists of a split-inductor or two separate inductors 1 L and 2 L , capacitors 1 C and 2 C connected in X shape. This circuit is employed to provide an impedance source coupling the inverter to the DC source or another converter. The DC source can be a battery, diode rectifier, fuel cell , etc. To illustrate the operating principles and control of the multilevel Z-source inverter, let us briefly introduce the control method of a two-level Z-source inverter. The three-phase Z-source inverter has nine switche states unlike the three-phase voltage source inverter that has eight. The three-phase Z-source inverter has one extra zero state that it is called the shoot-through zero state. It can be generated by seven different ways: shoot-through via any one phase leg, contributions of any two phase legs, and all three phase legs. This state provides the buckboost feature to the inverter. As explained in [10] , for a two-level Z-source inverter, there are two equivalent circuits. The resulting full shootthrough equivalent circuit is shown in Fig. 3a , where the input diode is reversed biasing. In non-shoot-through state, the stored energy in the Z-source inductors is released for consumption in the load. The resulting equivalent circuit is shown in Fig.3b , where load is represented by a current source, and the input diode is in conducting mode. 
where, 0 T , is the shoot-through duration in a switching cycle T, 1 B  is the boost factor and M is the inverter modulation ratio. The Z-source structure can be added to multilevel inverter to boost voltage. In this paper, a special structure of fivelevel Z-source diode-clamped inverter is used that is shown in Fig.4 . This structure has two X shaped LC impedance networks instead of four LC impedance networks. In addition to the full shoot-through state, the partial shoot-through states can be assumed by Z-source diode-clamped inverter. The equivalent circuits for representing these partial shoot-through states are shown in Fig.5 . The non-shoot-through state equivalent circuit is shown in Fig. 5a .The first partial shoot-through state shown in Fig. 5b , when switches SX1, SX2, SX3, SX4 and SX′1 are turned on with DA′1 and D1 conducting. Also, Fig.5c shows the lower partial shoot-through state [14] . The capacitor voltage 
Multicarrier PWM Strategies
There are four carrier-based PWM schemes for mentioned topologies: [15] - [16] . Fig. 6 shows carrier-based PWM strategies. APOD, POD and PD modulations are used to control most of multilevel inverter structures but PSCPWM is used in the cascaded inverter.
There are several methods to control Z-source inverter that can be classified into shoot-through states insertion methods. In the first method, six shoot-through states will be inserted in one switching cycle. The second method two shoot-through states will be directly inserted in one cycle [17] . In this paper, the second method is applied to carrier-based PWM strategies, APOD, POD and PD modulations. The simulation results will be presented in next section.
Simulation Results
For comparison, the carrier-based PWM strategies that are applied to a five-level Z-source inverter. The simulations have been carried out in MATLAB/Simulink. Major system parameters are listed in Table I . Fig. 7 shows upper partial shoot-through states in a single-leg of inverter. As shown there is not the full shoot-through state in these PWM strategies. Figs. (8), (9) and (10) show Line-to-Line and Line-Neutral voltages, load current and one of the LC network capacitor voltages that controlled by PD, POD and APOD modulation with two partial shoot-through states in one switching cycle. In Table II , the amplitude and the THD of the line-to-line and line-neutral voltages and the load current are presented.
As given in Table II , it is clearly deduced that APD modulation will boost the voltage more than POD and PD modulation in the same condition. Also, Line-to-Line voltage harmonics increase in PD, APOD and POD, respectively. Considering the aforementioned advantages, APOD modulation is a suitable technique to be applied in this type of converters.
Conclusion
This paper has compared three multicarrier PWM strategies that can be applied to five-level Z-source diode clamped inverters. The THD of the phase voltage and load current in three methods has been determined. Comparing the line-to-line voltages in three methods, it can be seen that the highest THD happens in POD method and the lowest one occurs in PD method. Comparing the DC capacitor voltage of the LC impedance network, it can be said that the APOD modulation, in the same condition, will boost the voltage more than POD and PD modulation techniques. The simulation results illustrate that using Phase Disposition (PD) method decreases the voltage THD considerably. Also, Alternative Phase Opposition Disposition (APOD) method increases the voltage more than the PD method. Both methods can be effectively used in on-grid renewable energy applications. 
